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TRE RADIATION CHEMISTRY OF HOMOGENEOUS REACTOR sysrp9a6 
, 
H. F, McDuffie, E, Lo Compere, H. H. Stone, 
L. F. Woo, and C. H. Secoy 
evY%!!R 
Hydrogen and oxygen, dissolved i n  aqueous solutions at elevated temeratures, 
have been found to, react qmoothly to form water when dissolved copper salts are 
present in the solution as homogeneous catalysts. 
to the development of aqueous homogeneous reactors in that it provides a poss- 
ible means for suppressing the formation of hydrogen-oxygen gas bubbles from the 
decomposition of water by fission fragments. 
This reaction is important 
I 
The kinetics of the reaction have 
been investigated over wide ranges of controllable variables, including en- 
viz"onmental conditions of interest to the reactor progran, (The rate determining 
step appears to be the reaction' of dissolved hydrogen with the dissolved copper 
catalyst, and the activation energy appears to be around 24 kilocalories per mole.) 
Preliminary examination of a large nlrmber of inorganic campounds has not  disclos- 




*(Editorss note: This is hhe third part of a series of articles c m r -  
ing the intensive research and development cohducted during the pas t  two and 
one-half years at the Oak Ridge' National Laboratory on the effects of" reactor 
irradiation upon aqueous reactor solutions, 
induced Decomposition," by J, W, Boyle, J, A. Chormley, C. J. Hoebanadel, 
W. F. Kieffer, and T. J. Sworski, appeared in the Wreh 1953 issue of Reactor 
Science - and Techno loa  (TID-2008), 
of Peroxide in Aqueous Honogeneous-Reactor Systems," by Me De Silvernmn, 
G. M. Watson, and ,Ha F. McDuffiF, appeared in the September 1953 issue of 
Reactor Science - and Technology (TID-2010). 
itional articles in this series' in forthcaming issues. 
out at ORNL as part of the chemistry program for the Homogeneous Reactor Project 
under the general supervision of C, H, Seeoy a6 Project Chemist and H, F, McDuffie 
as leader of the Project Radktion Chedstry Grow. 
The first part, entitled "Radiation- 
The second part, entitled "The Decomposition 
The editors plan to palish add- 









Disposal of the 2:lmixture of hydrogen and oxygen, created by radiation 
decomposition of water in fissioning aqueous solutions (Paper I this series, 
Reactor Science and Technology; March 1953, TID-2008) presents a substantial 
technical and engineering problem in connection with the development of 
aqueous hanogeneous reactors'. The magnitude of the problem may be illustrated 
-
" 
by reference to the operation of the HE@ at 1000 KW, where the gas evolution 
has been estimated at 10.5 cfh (stp)(l). As the gas cone€ from the core, mixed 
with saturated steam at 25OoC plus a small amount of excess oxygen, the com- 
\ 
position of the mixture is well within the explosive range. 
of the BRE as originally designed, the gas is lowered to atmospheric pressure, 
I n  the operation 
burned in a flame recombiner, cleaned up by a catalytic bed reccadbiner, and 
the condensed water returned.by pumps to the system. It is the purpose of 
, 
this paper to discuss the characteristics of an internal homogeneous catalyst 
for the hydrogen-oxyger; reaction which provides an alternative method for 
' 
disposition of the hydrogen and oxygen. 
. ,  - .  . 
. . .  
. .  
THE REACTION I 
I 
I 
Solutions containing dissolved copper salts have been found to catalyse 
the reconbination between hydogen and oxygen to form (or re-form) water. 
rate determining step appears to be reaction of the catalyst with dissolved 
hydrogen (with rapid regeneration by subsequent reaction with oxygen), and the 
applicable kinetic equation appears , I' to ,be -d[Hz] /dt = [%, pjl ku 
Since the concentration of dissolved copper is maintained constant by regen- 
eration, the reaction becomes 'effectively first order instead of second order 




where ksol, the solution rate constant (5 lCgl kCu ), is characteristic 
for the particular solution &der study. 
c 
ExpERIlviENTAL TECHNIQUE 
Experinknts are c-onlylcarried out in the laboratory using hydrogen and 
I ll 
oxygen supplied from ordinaryj'gas cylinders (the next paper in this series w i l l  
describe experiments in which'the hydrogen and oxygen are generated -- in situby 
I, 
the radiation decomposition of fissioning solutions) e 
or titanium autoclaves (wbambs") (Fig. 1) of 10-30 m l  capacity are loaded'with 
Small stainless steel 
I 
a known amount of catalyst solution to be tested, attached to a charging 
and pressure recording apparatus, placed in an aluminum block furnace equipped 
r 
I1 
for rocking agitation, charged with a convenient mixture of oxygen and hydrogen 
(usually 300 and 690 psi), and then heated rapidly to the test femgerature at 
% 
which point rocking is begun Ad the pressure recorded as a function of time. P 
Figure 2 presents the experimental arrangement. 
temperature, solution weight,\banib volume, solution coIQosition, and pressure 
VS. time, 
The experimental data are 
I1 
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Typical Laboratory Recombination Data 
< .  . 
R u n  No.: B-63 
Bomb No. : 641 
Soln. Comp.: 
W t .  Soln.: 10.1 gm 
Volume of bomb: 23.792 cc 
, 0,0010 M C S O 4  and 26.2 g U / 1  (as UO2SO4, 
a t  room. temperature. 
Time 
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A plot of these data in the differentid form of dP/dt V80 P is ghown in -. 
I 
b 
Figure 3. The pressure axis intercept 
indicates the pressure of ine+s plus steam remaining after all the hydrogen 
is oxidized. In this case the value for km was 0.468 hr-', and the residual 
pressure was 30.5 scale divis 
carried out with a slight excess of omgen. 








In order to convert these data into values for ,ksol and,' kpu %t is nee- ' 
essary to take into account tde fact that the hydrogen is distributed between 
two phases; with the reaction'ltaking place only  in the liquid phase while the 
pressure is measured for the Apor phase. 
liquid-liquid system with reaction occurring in one liquid phase only was 
I 
A similar problem involving a 
studied by Lowenhers(%), an& by Goldschmidt and Messerschmidt(2b) whose eon- 
7 
clusions were similar to those reported below. 
Values for the' solubility of hydrogen in water at high temperatures have 
been presented(3) fram which were calculated the distribution coefficients as 
shown in Table 2. 
1, 
It is important to emphasize that all values for ku ultimately depend on 
I 
knowledge of the solubility of hydrogen in the solution under test, 
in the estimation of this solubility will require changes in the assignment 
of the rate constant values. lAll the work reported in this paper is based on the 
values given in Table 2; thus'it is assumed that these values are correct and 
that solubilities in uranyl shate solutions are the same as in water (the 
correctness of these &Ssumptions is being investigated at the present time and, 
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Water a t  Elevated Temperatures 
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I Pa. 0 
To develop the geometry factor (F ) necessary to correct 'the observed 
I 
Q 
rate (k ) for the effect of the relative volumes of vapor and li&d phases .-. . 7r 
and the distribution of hydrogen between,these phases, the following c P . .  
15 
6- is used: 
I .  
argument 
Let Nt = total moles of hydrogen in the system. 
ITg = total moles of -wen in'the gas phase I 
N1 = I 
P = pressure of hydrogen, psi 
total moles of hydrogen in the liquid phase 
Vg - volume of gas phase, liters \ .  
VI = volume of liquid phase, liters I 1  
S I  
. <  
1 
R = gas constant in appropriate units . / 
(1.206 psi x liters x %'l 'x molesm1) 
T = temperature, "K . ,  
I and - 2 1% + 21 , relating the rate of chnge in pressure over dt - dt 
the system to the rate of change in the total number of moles of hydrogen in the 
system. 
phase to form water, another expression for dNt/dt can be obtained: 
Since hydrogen escapes from the system only by reaction in the liquid 
Eliminating dN/dt between these two expressions we arrive at: 
I -  
E dt [& t $] ; % k,~, which rearranges to . 
2 "..;k. dt g I 
Since hydrogen and oxygen always combine in a ratio of 2:1, we may replace 




iner t s )  and the change in hydrogen pressure by 2/3 the t o t a l  change ins pressure, 
Since the  so lubi l i t i es  of oxygen and hydrogen are'approximately equal i n  the 
temperature range of in te res t  it is unnecessary t o  correct fo r  the presence 
of oxygen. 
the equation may be further s impl i f ied  to: 
.! 




The expression, OC g, is called l/Fg . Fg may conveniently be 
thought of as the fraction of the t o t a l  hydrogen of the system which i s  present 
in the l iquid phase a t  any t i m e .  
As the r a t i o  Vg/Vl approaches zero (no gas phase) the value of Fg approaches . 
1,0, and a t  t h i s  l i m i t  the observed value f o r  % would approach the tr,ue value 
f o r  ksol. The correctness of t h i s  factor  has been evaluated(4) by experiments 
i n  which the dependence of upon the r a t i o  Vg/Vl was determined f o r  a s'ingle 
solution. b .  
1 
+ % . d . should give a 
l inear  p lo t  of l / q v s  Vg/Vl with a slope of aE/RTksol add an intercept of 
- 1 The relationship -= 
k7T KBol V l  RT k€iol 
I 
l/ksol. 
of l/ksol and d/ksol. 
From these it should be possible t o  a r r ive  a t  independent estimates 
Table 3 lists values of kf corresponding t o  different  values of V$V4 
f o r  a single solution composition, and Figure 4 shows a p lo t  of l /kr vs Vg/Vlo 
1 A least squares l i n e  through these points fits the equation, - = 0.2046 I1 c 0.687 V&1, 1Cn 
from which it follows that  aSol 4.83, a / k S o l  = iC33., and CJC = 2118. G 
The value of the r a t i o  G/ksol is !believed considerably more reliable than the 
values f o r d o r  l /ksol since the percentage change i n  l /ksol is so great for a 
small error in the data. 'However, the r a t i o  is the term of greatest  pract ical  
I 
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Effect of Gas-to-Liquid Ratio upon Recombination,Rate 
a t  250°C i n  a 10-3 M C S O 4  and 5 x 10-3 M H2SO4 Solution . 7.. 
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I are used and are in error, the resultingl experimental values for ksol '(and 'ku) 
will be in *error, but in almost exactly compensating amounts. Figure 5 'shows 
A -
how a plot' of 
. .  
4 
' using 14.2 for ksol (derived from the published value a= 7300) and the ex- 
, perimental data fo r  % , compares with the theoretical slope 'for @/RT with 
It will be noted that the .agreement is best at values of V,/Vl 
, 
&: = 7300. 
near 1.0, the value used in the experikrents from which the 14.2 was obtained. 
Interpretation of data for uranyl sdfate solutions at high concentrations 
may require knowledge of the density of the solutions in order to obtain correct 
. *  
values for Vg/Vl with which to calculate Fg. Marshall(5). has presented formulhs 
for the density of uranyl sulfate solutions which are said to be accurate within 
the temperature range of interest (120-28oOc). 
percent uranyl sulfate converted to grams uranium per liter (at room temperature), 
His equation #13, with weight 
1 
+ may be replaced by the following equation - 
where gu = grams uranium per liter of solution at room tempe,rature, 
An additional correction factor may be required to take into account the 
amount of water which is transferred to the vapor phase when the solution 
is heated to the reaction temperature: 
Let h- : 5 (the corrected ratio) 
Vl 
5 uncorr. ratio which would exist in absence of water . 
Vl - 
vaporization - .  
d, = saturated steam density at tentperatwe 5. 
(0.019976 &CC @ 250%) 
d l  = densit:y of water (0.79 at 250%) 
' x = 2 (= 0.025 at 250%) 
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Fig. 5 - Effect of Gas-to-Liquid Ratio Upon Recombination Rate; Comparison of Experimental 
Data with Line Based on Published Values for Hydrogen Solubility. 
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One cc of the saturated vapor will contain water equivalent to x cc of liquid, 
and the volume of the liquid i n  contact with 1 cc of the saturated vapor>will 
thus be decreased by x cc from what it would have been in the absence of ahy 
loss of water to the vapor phase. 
I 
- 8 7  
e l 
Hence, the relationship which corrects for 
, %  
the release of water t o  the vapor phase'is: 8 -  
where l/y is the corrected ratiq. *. 
Application of thk foregoing correction factors to the data of run B-63 
leads to a corrected value, for 1/F of 1300, whkh gives a value of 6.1 for ksole 
Since, on heating, the solution expanded and simuitaneously lost water to the 
vapor phase its v o l k  changed from 9.79 cc at room temperature to 11,66 cc 
I 
63 
(Vg/V1 = 1.04) at 250°C. Thus the copper concentration changed from 0.0010 M 
to 0.00084 M. 
constant for copper" in this particular environment, of 7.26 x lo3, (with units 
of l/concentration x l/time; l/noles/liter/hr) . 2 
Dividing 6.1 by 0.00084 gives a kCu, the molar bimolecular rate 
Corrections for density and loss of water to the vapor phase bave been 
made only for the runs in Tables 3, 4, 6 and 10, 
ed as if it were water at the temperature in question with no loss to the vapor 
phase. 
for various temperatures; these plots are normally used in estimating the 
approximate value of l/Fg to be multiplied by the observed value of kr. Con- 
centrations of copper at room temperatd are corrected to lower concentrations 
at elevated temperatures, based on the specific volume of water, before e a -  
culating values of %u. A number of additional factors, such as external dead 
voJ-me, effect of pressure on vapor pressure, effect of pressure on the volume 
of the metal system, effect of temperature on the volume of the bordb, effect 
of one gas on solubility of another, etc., have been considered with reference 
Normally the solution is treat- 
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, >  
t o  the inte 'qretat ion of reaction rate data. 
;olume is  most important; i n  the present work it has been minimized by filliw 
O f  these, the external dead 
the pressure ce l l s  with water and by using short' lengths of smal l  diameter 
(0.020 inches 1.D.) capil lary tubing t o  connect the high temperature system 
t o  the charging valve and pressure measuring cel l .  
\ 
EljT'ECTS OF DIFFUSION, ATG &X.TATION 
I 
In a l l  the previous discussion it has-been assumed that the hydrogen in 
the liqui-d and vapor phases i s  i n  good equilibrium. 
ear ly  experimental work r e l a t a  Vg/V1 t o  the observed kf i ,  using non-agitated 
cylindrical  bombs mounted vertically,  it became evident that the results did 
not agree with expectations. 
might be acting as a limiting factor.- Placing the bombs in a horizontal posi- 
t ion (which increased the free surface area of the l iquid and decreased the 
depth of the l iquid) resulted i n  much faster rates  of reaction which were,more 
i n  l i n e  with expectations. 
During the course of 
It w a s  suspected that diffusion of hydrogen 
- .  
/ 
Adding the rocking agitation feature discussed i n  
' the section on Experimental Technique has eliminated subsequent troubles with 
' hydrogen diffusion. An analysis of the diffusion problem in ver t ica l  eylindried 
bombs w i t h  no agitation or convection has shown that, a f t e r  a transient etpprcach, 
a steady s t a t e  of hydrogen concentration vs 
From an equilibrium concentration a t  the surface the dissolved hydrogen decreases 
by the factor l /e  i n  a distance (D/ksol)1/2, D being the diffusion coefficient '  
f o r  hydrogen i n  water a t  the temperature i n  question and having a value of 
l 0 3 4  x 
0,00306/s.ec,, the exponential length is seen -to be 2 , l  mm. 
bombs containing such a solution most of the reaction would be taking place i n  
the 1 cm layer immediately below the gas-liquid interface. 
' 
1 
depth i n  the l iquid is  established(6), 
I 
cm2/sec. st 25OoC. For a representative value of kSol o f  ll.O/hr or 
Thus, i n  unagitated 
As w i l l  be discussed I 
i n  the next paper of the series,  diffusion does not present a problem when ' 
the hydrogen is being produced homogeneously throughout the solution (e.g. 
decmposition of water by a fissionipg aqueous ,homogeneous reactor solution) 






DEPENDENCE ON HYDROGEN CONCENTRATION 
I 
The first  order dependence on hydrogen concentration has been established 
I I 
by several methods. The slope of the dP/dt vs P l i n e  obtained experimentally 
(ka) does not change as the reaction progresses t o  completion; thus, for  a 
variety of pressures of hydrogen the rate remains proportional t o  the hydrogen 
pressure. 
change the value of k+ut, only affects  the position of the pressure 'axis in- 
tercept. 
the value of %e 
rise t o  a constant value fo r  ksolwhich could onlybe  t rue If the model, chosen 
for  the reaction, is correct. 
next paper of t h i s  series carry t h i s  demonstrated first order'dependence on 
hydrogen pressure up t o  nearly 5000 psi ,  , 
Changing the amount of excess oxygen supplied i n i t i a l l y  does not 
Starting a t  different pressures of hydrogen likewise does not change 
Furthermore, the use of varying gas t o  l iquid ra t ios  gives 
t 
The in-pile experiments t o  be reported i n  the 
\ 
I 
DEPENDENCE ON COPPER CONC-TION 
Using varying concentrations of copper (added as cupric sulfate)  i n  a 
I 
uranyl sulfaie !solution containing 40 gms U/1 (at room temperatye), the re- 
action a t  250OC has been shosml'to be apparently f i rs t  order i n  copper. 
I c 
Tables 4 
and 10 and Figure 7 present these data .  w 
Using varying concentrations of copper sulfate i n  sulfuric acid (0.005 M 3 
t 
H2SO4 a t  room temperature) the,, reaction also appears t o  be f irst  order i n  
copper a t  250'. Table 5 and Figure 8 present the da ta .  
I 
d l  t *, -l r l  
TABLE 4 
Effect  of Copper Sulfate  Concentration upon Recombination Rate a t  250°C i n  0.166 Molar Uranyl Sul fa te  Solution 
J 
. ~ 
~ . .. . . ~ .  .  . . .  . -  
' I  
- ,  
S o h ,  
Dens 









Bomb S o h *  
Boyb Vol. w t .  - No. - cc gms 
637 ' 24.l4 12,169 
638 23098 100134 
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k7r '$01 
hr-l  hr-1 
9.6 0.078 0.748 
13.7 0.094 , 1.288 
13.8 I 0.1855 2.56 
13.7 0.182 2.494 
9.85 - '0.0866 0.854 
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COPPER SULFATE CONCENTRATION (moles /  I )  
Fig. 7 -,Effect of  Copper Sulfate Concentration Upon Recombination Rate 













Effect of Copper Sulfate Concentration Upon Recombination Rate 
a t  250°C i n  0,005 Molar Sulfuric Acid Solutions 
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Fig. 8 - Effect of Copper Sulfate Concentration Upon Recombination Rate 
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I .  ' .  
. .  . .- 25 0 
EFFECT OF URAmn sIII;FATE COmCEEJTRATIOH , 
Using solutions which &re initially all 0.0010 M in copper but which 
Y 
' contained v a h  concentratirpss of uranium as uranyl sulfate, 'the effect 
of th;e uranyl sulfate uhon the value of IC& was determined as shown in Table 6 
and Fipre 9. * 
r- 
The scatter in the data at uranium concentrations below nine 
l gram per liter is associated with phase instability and hydrolytic precip-i- - 1 
tation. The addition of excess acid (25 and 50 mole precent,'-based on the I 
uranyl sulfate) overcames this phase stability and permits merasurements of the 
' recombination rate to be made at low uranium concentrations, Table 7 presents 
data covering. the temperature range 250-295OC, and the eoncentration range 
of 2.5-10 gn U/l for solutions contain- 25-50 mole percent excess sulfuric 
acids and 0.0010-0.0050 I cus04. 
the first order dependence on copper concentration discusssd above, 
' 
TIM data at 25oOc give further support t o  I 
c 
DEPEmDHCE OR SULFm C O l l m O l V  APJD ACIDITY 
' \  
The pronounced dependence of the reaction upon the environment in which the . . 
copper f i n d s  itself is Illustrated by Table 8 and Figure 10 W e h  show the effect 
of various concentrations of sulfuric acid upon the ricanibinat.ion behavior ' 
of solutions of 0.0010 M CnSO&. 
dependence of the reaction rate upon acidity, sulfate concentration, and copper 
I 
I 
Studies are now in progress in which the 
. 
concentration is being determined Over wide ranges of -these variables. , 
\ 
. .  . .  
ACTIVITY OF CUPRIC PERCHLORATE PLUS PERCHLORIC ACID 
?. 
Perhaps the simplest hypothesis which could be advanced to.ezqlain the 
recombination of hydrogen and oxygen in the presence of dissolved cupric compounds c- 
would involve a reaction of dissolved hydrogen with the cupric ion. Accordingly 
it was very desirable to determine the activity of copper under conditions which 
would tend to minimize any coqplexing of the cupric ion by anions of the ' 
- 




. TABLE 6 . 
- Effect  of Uranyl Su l f a t e  Concentration upon Recombination Rate i n  10-3 M Copper Su l f a t e  Solut ion at 250% 
Run Bomb 
\No. - No. 









V o l a  
cc - 
23 0 79 
23.90 
23 0 79 
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23-79 
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7.19 - --  - - -~ __ 
10.49. 1.5 
7.21 
7 . 4  
, 
B-62 640 23-73 2.62 - 9 - 4  .802 11.73 49& 1.11 13.84 0,555 7.68 9.35 lL.25 .00083 9.25 1.62 
B-66 641 23.79 9.4 11.73 49*30 1.12 13.90 0.500 6.95 9.35 11.22. .00083 8.37 
E81 6h1 23.79 
E 8 6  640 23.73 
B-96 I 641 23.79 
B-82 642 23.90 
8-90 641 23079 
B-97 642 23-90 
B-83 640 23J3 
B-91 642 - 23-93 
B-71 640 23-73 
B-76 642 23.90 
B-63 23.79 
B-67 642: 23.90 
4.0 9.527 .SO4 '11.86 49.83 
6 150 7.65 - 32.23 
- 11.664 I.he52 61.03' 
6.25 9.425 .807- 11.69 48.91 
5-903_. . - 7.32 - 30.76 
12.170 - i5.io- 63.17 
9 -0 9.683 .811 11.95 50.35 
11.72 - l4e47 60-54 
10 .o 9.9 .813 12.18 ' 51.32 
9.5 11.69 c 48.91 
26.2 10.1 ..a34 12.12 50.94 
9.9 ll.88 b9,70 
1.08 13.7 0.60 
2.28 27.5 0.33 
0,688 8.94 0.625 
1.13 a.1 0.60 
0,625 8b25 0,875 
2.44 29.3 0.25 
1.07 13.4 0.525 
0.705 9015 0.75 
1003 12.9 0.60 
1.13 14.1 0.587 
1.04 13.1 0,468 
















11.44 .00083 9.90 2 .o 
7.23 .00085 10.68 , 
4 . 0 9  .00063 6.73 
11.22 ,00083 10.19 2.5 
6.92 .00085 8.62 
1L.71 .00082 8 3 0  
11.46 .00083 8.48 3.0 
a .02 .00083 8.26 
7.7)~ 9.8 11-69 .00084 9.21 3.16 
8.28 9.4 11-22 .00084 -9.86 
6.13 9.79. 11-66 .00084 . 7.30 5.1 
6.08 9.57 * 11.38 .00084 7.,24 
Iu cn 
E 
..... .- ... . - .~  . ... - . . . .  - .
8un. Bomb 
No No - -  
B-68 640 
B-69 642 






B-119 . 6 h l  
B-120 642 
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23 0 79 
23090 
23 0 73 
23.79 




D " '  
Conc . 
U a t  
Room Soln. 
Temp I) wt. 
gm.U/1 gms 
83 11.0 









S o h  a
Dens. 
a t  V 1  
250% 2500 
gms/cc Uncorr 
.907 1 2 . 4  
..984 11.38 
1.065 11.18 




1 7  56 
40 79 
16,87 
. . .  ..... . . . . .  I ...... . . . . . . . . . . . .  . . . . . . .  . . . . . . . . . . . . . . . . . .  -. - 
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TABLE 6 (Continued) 
% Vol, 
Hot S o h .  
F i l l  vg/vl. ktl k s o l  Room '!& . hr hr'l Temp. - Uncorr. Corr. 
.%15 1.03 13.0 0.32 4.16 9.91 
47.61 1.18 4 , 8  0.207 3.06 9.43 
46.99 1.22 15.2 0.207 j015 9.38 
46.27 1.24 15*5 0.166 2.57 9.37 
46.22 1 0 2 5  15.6 0.182 2.84 9.29 
23.59 3.62 42.88 0.070 3.00 4.7.2 
43-12 lob l7*43 0.23 4.01 8,65 
73.47 0,382 5,42 0.45 2044 4 . 8  
20.14 b053 53-41 0,070 3.74 4-04 
70.58 0.445 ~ 6,15 0.427 2.63 4 - 2 3  
. . .  - - . . . . . . . . .  = ,  ~ I. . . . . . . . . .  
. i l  >) 
- ~ _ _  . - . . . . . . . . . . . . . . . . .  
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TABTE 7 
Effects of Uranium Concentration, Copper Concentration, 
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. I  , 
50 275 
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_,.. .. . .  
'0.0010 .re cu- 0.00~0 m cu 
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Expt ksol  I kcu 









50 295 E:; 
10 
hr' x 10'3 - 
42.2 58.3 





1 '  
* Concentration a t  room temperature 
it+ A l l  i n  same bomb - may have become contaminated .on walls 
t o  give high results. 
I 
i 
. .  
.. 
TABLE 8 
Effect of Sulfuric Acid Concentrat i o n  upon Recombination Rate 
over O.OOl(3 M Copper Sulfate  at 250°C 
. .. . . ,  , .  
. .  i 
Concentration 
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0.00 M - ., 
. .  
f 
7.3 
8 .O . .  
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47 . 0.00040 
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n e 0  
1s09 
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00010 131 . _  
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O l 4 1  00020 . 
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33 
solution. 
var ie ty  of systems a t  room temperatures suggested that cupric perchlorate be 
The known usefulness of the perchlomte ion t o  this end for  a 
h 
I tested. A t  (?.0010 Molar cupric perchlorate precipitation was found t o  occur a t  
I 25OoC, but the presence of 0.005 mlar percbloric acid I Q ~  found suff ic ient  t o  
1 maintain phase stability at this teqperature. Recdbination experiments were 
run with perchloric acid concentrations of 0.005, 0.010 and O,O5O I in the 
presence of 0.0010 M cupric perchlorate w i t h  the results shown i n  Table 9. 
. '  . 
The constancy of'%, at 5000 suggests that t h i s  maxbe the value for the ' 
l a c t i v i ty  of uucamplexea cupric ion. 
, glexing by perchlorate is taking glace and that there is no di rec t  participation 
of hydrogen ' i c y  in the reaction (except f o r  the suppression of the hydrolytic 
precipitation).  
The data further indicate tbat no can- 
I 
AU. experiments with perchlorate have been limited t o  short t h e 8  a t  
high temperatures t o  avoid exessive corrosion of apparatus by traces of 
chloride ion released fram decomposition of perchlorate. 
\ 
j TEMPERATURE COEFFICIENT OF THE REACTION 
I Table 10 presents data for the reaction rate at several W f e r e n t  temper- 
atures. 
the campositions were not precisely the same at reaction tenrperature. 
The starting solutions were the same at  TOO^ teqFrature, and therefbre 
Corrections 
for the smal l  differences i n  cmposition have been apglied t o  give the observed 
The elTperimentally observed activation energy f o r  the 190-250' 'values fo r  kpU. 
L 
w values i s  24,400 calories. Further data on this point from in-pile i r radiat ion 
studies will be presented i n  the next paper of this  series. 
7 
D a t a  from Table 7 i l l u s t r a t e  the teqperature dependence of the reaction 
, f o r  somewhat  d i f ferent  environmental conditions, 
temperature dependence is s e s e n t h l l y  unaffected by thkse va rb t ions  in solution 
Figure 11 shows how the 




Effect of Perchloric Acid Upon' Recombination 




R u n  No. Perchloric Acid 1 - kCu 
B-151 0.0050 M 




B-152 0.010 4975 






Temperature Dependence of Recombination i n  0,166 M Uranyl Sulfate Plus 0.0025 M Copper Sulfate  Solutkons 
soln. 
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0.194 3.42 
Y -- Uncorr. Uncorr. 
52 -1  0.92 
5 L 2  0 9% 




































59.0 0 ., 695 
59.8 0 672 
61.0 0.640 
5l043 0 .9h  
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 FIG.^^ - EFFECT OF TEMPERATURE ON T H E  
RECOMBINATION R A T E  
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c .  
Q 
37. 
, Since operating reactors of the  hqogeneous'type may w e l l  use heavy 
water solutions instead of l ight water, the decomposition gases would be 
deuterium and'oxygen instead of hydrogen and oxygen. 
6 
- 
i- , The reaction of deuterium 
' with the c a t a l p t  might be expected t o  be somewhat slower than the reaction of 
hydrogen. Accordingly three experiments, at different  ra t ios  of l iquid t o  I 
gas phase were conducted' i n  which deuterium gas was substituted f o r  hydrogen 
gas ( u l t i m t e l y  the reaction will be checked using heavy water solu&ions and 
deuterium). The solution k s  one f o r  which consdderable data with hydrogen 
gas was available (0.005 M sulfuric acid and 0.001 M copper eirrlfate). 
result8 are presented i n  Table 11. 
' 
, .  
The 
A least squares l i n e  f o r  the relationship 
I between Vg/V1 and l/k ~;crve the f o l l a w i q  values: 
Comparison of the r a t i o  a /kso l  w i t h  that  for  hydrogen, '133, indicates tha t  
the reaction is  about 6 ~ $  as fast with deuterium as w i t h  hydrogen. The sol- 
ub i l i t y  of deuterium is indicated 8s being s l igh t ly  greater than that of hydrogen 
i n  l igh t  water, but the number of experiments is too rrmaU t o  permit any strong 
conclusion. A t  least the s o l a i l i t i e s  do not d i f f e r  sdx tan t i a l ly .  
OTRER POSSIBLE CATALysfs 
u 
P 
A large rimer of inorganic Ions have been tested for possible recombinatlcn 
- catalysis,  
ac t iv i ty  a t  25OoC was found f o r  Hi, Co, Zn, Cd, Pb, As, L i ,  Rb, C1, It, Br, Mg, 
and SO4 ions. Uranyl solutions have s l igh t  activity.  Fe, T1, Ce ,  Sn, Mn, V, . 
None has lieen found t o  approach copper i n  act ivi ty .  No significant 





TABLE ' 11 
Recombination of Deuterium and Oqygen i n  Light Water Solutions 















' I  
!' 
. ,  
solution, 
showed moderate recombination act ivi ty ,  but interpretation was made d i f f i cu l t  
In  one preliminary eqeriment an acidified pertechnitate solution 
by the formation of a large amount of black precipi ta te  during the run, 
Silver and iodine were found t o  exhibit substantial  ac t iv i ty  in the presence 
of raanyl sulfate  (added as silver sulfate  and potassium iodide, respectively). 
A t  the end of t h s e  experiments the iodide appeared as elemental iodine i n  the-  
. 
I 
solution and the s i lver  as a gray fog of appazently precipitated silver, The 1 ~ 




the marked superiority of copper fo r  reactor use. 
considered t h a t  pairs of inorganic oxi%tion-reduction reactions might be 
found which would couple t o  give improved performance. 
HOMOGEmEOUS CATALYSIS OF REACTIOMS IIWOLVIMG HYDROGEM 
The poss ib i l i ty  has-been 
I 
None has yet been found. 
e ,  
A few examples in $he l i t e r a tu re  provide indications of reactions between 
I 
molecular hydrogen and molecularly dispersed species i n  solution, Tbese should 
'i' 
' be considered carefully fo r  t he i r  relevance t o  any ultimate development of the 
mechanism of the recombination reaction. The use of hydrogen f o r  the reduction 
,' of copper ions dates from'the work of Igatieff and Werch~wsky(~) which re- 
duction t o  large microcrystals of the metal was accomplished, mher papers of 
I ~ a t i e f f ( ~ , ~ )  and, la te ly ,  the paper by Ipa t ie f f ,  Corson, ;and Kurbatov (101 
> 
b v e  established that under proper conditions Cu, N i ,  Co, Pb, and B i  can a l l  be 
, reduced a d  precipitated. Within the last few years commercial processes for  re- 
'' fining metallic ores, based pxrt ly  on these techniques, bave made the i r  appear- 
i ance(1l). Another interesting line of work involving reactions of molecular 
P 
L 7  
1 , 
hydrogen with dissolved reagents, i n i t i a t ed  by Calvin et.  alo8was discussed i n  
nitrogen bases as the solvents 
cuprous acetate t o  be a powerfr 
molecular hydrogen. A dimerim 
w i t h  the hydrogen molecule becc 
i n  the activated ccrmplex. A E: 
dlmerized cobalt carbonyl is c( 
of the "OXO" reaction as discui 
Storch, e t  al (13 1 , 
The temptation t o  look fo. 
atoms of copper was very attrac 
other experimental approaches * 
molecular hydrogen. However, I 
support any such hypothesis. ! 
centration in the presence of 
a n a l p e a  i n  a manner s h l l a r  tl 
require e i ther  that the dimer I 
in the dimer form a t  a copper 1 
w i k e l y  even st 25ooc), or t b  
tend over a concentration ran& 
p i l e  concentrations up t o  0,05 
ser ies)  giving a t o m  factor  
dependence appears t o  be obser 
centration, a6 mentioned above 
cations a re  that the ac t iv i ty  
with varying concentrations of 
composition approaches regions 
* 
md quinone as a hydrogen acceptor they found 
L homogeneous catalyst  f o r  the oxidation of' 
f c-lex was postulated as the active species, 
ping simultaneously attached t o  two copper stoms 
dlar approach of molecular bydrogeo t o  a 
asidered responsible for  the catalyt ic  ac t iv i ty  
sed in recent papers by, Wender, Orchin, 
a dimerized catalyst species containing two 
tivc in view of the positive findlngs i n  these 
D hmogcneous catalysis aL? reactions involving 
UT copper-concentration-degen&ence data fail t o  
he first order dependence on copper con- 
,16 M Uo2SO4, found i n  & emerlments, when , 
' 
that described by W e U r  and Mills, would 
P 
omrplex be extremely strong, i.0, already,largely 
oncentration of 0,0001 Molar (which seems very 
t the active species be a monaer4 e data  ex- 
from 0,0001to 0.002 4, a factor  of 20, w i t h  in- 
W ( t o  be. discussed i n  the next paper of the 
f 500 i n  concentration over which first order 
cd, The influences of 'acidity and sulfate con- i 
are under study. A t  t h e  greasat t h e  the id$- 
l> 
f a solution of fixed capper concentration (10-3 M) 
sulfate and acid increaees as the' solution 
in which hydrolytic precipitation of the copper 
d 
i 
is observed3 Bleaney(14) has recently reported evidence that, in the solid 
state, cupric acetate is characterized by the presence of pairs of capger ions. 
It may be of interest that, despite any concentration dependence evidence 
which would support the concept of a dimer, the activity of solutions appears 
to rise as the conditions for precipitation (and formation of g a b s  of copper 
ions) are approached. 
tend to pair off in solution prior to the appearance of any solid phase. 
i 
One might speculate as to whether copper ions would 
Examination of activiation energies also fails to provide any significant 
, evidence, In the work discussed by Weller involving a cuprous acetate dimer , 
the activation energy at 100°C was 15 kalwhereas the higher temperature 
hydrogen-oxygen recambination appears to have an activation energy of 24 kcal. 4 
In WeUer's work the quinone is apparently acting only as a hydrqgen acceptor' 
B 
from the ( G U - H ) ~  complex and does not oxidize the cuprous copper to cupric, 
, while -oqgen gas at 250°C is perfectly capable of keeping 'the copper in the 
cupric state. Moreover, the solubility of cuprous salts at high temperatures is 
not known. 
cupric catalyzed reaction o f  higher activation energywas maskea by the aore 
Consequently it might be possible that in Wellerts studies the ' . '  
~ rapid cuprous catalyzed reaction (better catalysis because activation energy 
;I is lower), while at higher temperatures the cuprous reaction is blocked by the 
I 
oxygen leaving&! cupric - + reaction to be noticed, the temperature being 
' high enough to bring the rate into measurable rang'e for a 24 kaal activation 
k . energy. 
x 
* In the presence of a large excess of ammonia, the copper has been 
maintained in solution at elevated temperatures and recombination of' 
I hvdroaen and oxwen bas been demonstrated. l 
Many interest lsg l ines  of r e sebch  ha? been upened by the experimental Work 
2. 
'I 
thus far on,the program, 
using complexing agents of lower vapor pressure. such as the aromatic nitrogen 
Exploration of copper systems on the alkaline side 
-- 
I 
bases and bidentate reagents such as diamines, axxino ketones, and hydroxy 
ketones may provide increased 'kderstanding of the reaction, More detailed 
I ,  
studies on the acid s ide ,  mi& a variety of anionic constituents, m y  give 
indications of the strengths of complexes i n  aqueous solutions a t  elevated I 
I 
te;npera,tures. For exacl;?le, i n  the presence of enough'perchloric acid t o  , 
prevent hydrolytic percipitstdon k copper and zirconium may be allowed t o  com- 
Pete f o r , a  l i m i t e d  &mount of sulfate (or bisulfate)  and the reaction rate mdy 
provide indication as t o  the relat ive effectiveoess of each i n  conrrplexing 
sulfate,  
wide provide indications as t o  the behavior 
Studies of uranyl perchlorate a t  elevated t eqe ra tu res  wXL.3. l ike- 
I 
of the uranyl ion through measure- 
ment of i t s  slow recombination rate. A more detai led study of the many 
inorganic ions ,already surveyed w i l l  probably disclose environmental conditions 
under which somewhat higher recombination rates  can be achieved (though perhaps 
not as high as those obtained 'with copper). 
been made t o  find "couples" of reactions which might go more rapidly, 
more detailed information f o r  ':a wider nuuiber of cations, and anions becomes 
/ 




available it w i l l  become muchleasier t o  assess the possibi l i ty  of optsining such 
a synergism. Experiments without an oxidizing agent or with one other than 
' oxygen gas may permit more fundamental studies of the reaction m @ ~ % s m ' b y  
I 
allowing the reduced form of the catalyst  t o  become manifest (at present it is  
not known whether the f irst  step involves the formation of the cupro~s or %he 













Experiments in non-aqeuous or mixed solvents at elevated tenperatures may 
also beoffundamental importance in bridging the gap between the homogeneously- 
, catalyzed reactions of hydrogen reported in the literature and the homogeneous 
* 
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